ABSTRACT The chemical and spectroscopic properties of the new fluorescent acids all(E)-8,1 0,12,14,1 6-octadecapentaenoic acid (t-COPA) and its (8Z)-isomer (c-COPA) 
INTRODUCTION
Physicochemical aspects of lipid organization in model and biological membranes, as well as of the interaction between lipids and both integral and extrinsic membrane proteins, can often be usefully investigated by means of fluorescent fatty acids and lipids (see, e.g., Hudson et al., 1986; Hudson and Cavalier, 1988) that have the important advantage that the superstructure being probed is minimally perturbed. The utility of such lipid analog probes resides in the sensitivity of some of their spectral parameters to the microenvironment. Sklar et al. (1977a,b) introduced the naturally occurring 18-carbon fluorescent lipid analog trans-parinaric acid (t-PnA), which contains a linear conjugated all(E)-tetraene chromophore, and since then it has been used fruitfully in the applications mentioned above (see, e.g., Ruggiero and Hudson, 1989a,b; Lentz, 1993; Mateo et al., 1993a Mateo et al., , 1995 . In many cases the choice of t-PnA is based on the sensitivity of its fluorescence kinetics to the intriguing preferential solubility of this compound for gel-like lipid regions (Sklar et al., 1977b; Sklar, 1980) . On the other hand, some of the potential applications of t-PnA as a probe might be prevented by this specific concentration effect. The technique of resonance energy transfer (RET) involving lipophilic fluorescent probes has also been used with success in studies of lipid-protein and membrane-protein interactions (for a recent review see Van der Meer et al., 1994) . In cases where the tryptophan residues of the protein act as donors, the tetraene t-PnA may be used as a nonperturbing acceptor partner in the bilayer (Kimelman et al., 1979) . However, the Received for publication 14 March 1996 and in final forn 8 July 1996. Address reprint requests to Dr. A. Ulises Acunia, Instituto de QufmicaFfsica "Rocasolano," C.S.I.C., Serrano 119, E-28006 Madrid, Spain. Tel.: 34-1-5619400; Fax: 34-1-5642431; E-mail: roculises@roca.csic.es. C 1996 by the Biophysical Society 0006-3495/96/10/2177/15 $2.00 proximity of the absorption band of trans-parinaric acid, centered at -314 nm, and its strong overlap with those of the tryptophan fluorescence spectrum impose quite severe experimental difficulties.
To remove these limitations and, at the same time, to extend the possible choices of fluorescent lipid analogs, we have synthesized (Souto et al., 1994) a new set of conjugated polyene derivatives that contain a linear pentaene system. Two representative members are the conjugated fatty acid all(E)-8,10,12,14,16-octadecapentaenoic acid (t-COPA) and its (8Z)-isomer (c-COPA), depicted in Fig. 1 . In the present work we show that, compared with the well-known parinaric acid probe, the extra double bond of both COPA isomers shifts both the absorption and emission spectra to the red, increases the absorption coefficient and the fluorescence lifetime, and augments the molecular rigidity. As a consequence, these pentaenoic fatty acids are extremely good acceptors of the electronic excitation energy of tryptophan residues, facilitating the use of RET for studies of protein-lipid interactions and proximity relationships, and they accurately reflect the average lipid and membrane order parameters and transition temperatures, because their spectral properties are not affected by environmental thermal changes in the 10-40°C range. In addition to the basic photophysical parameters of the COPA isomers, we report here several prototypical examples of the use of the time-resolved fluorescence depolarization of these pentaenoic acids to probe the structure and dynamics of DMPC and POPC lipid bilayers, as well as that of RET to monitor the interaction of said acids with proteins in solution and, in membranes, with membrane-bound peptides, indicating the advantages and limitations of these new fluorescent lipid probes in membrane research. 
MATERIALS AND METHODS

Materials
The fluorescent conjugated pentaenoic acid all(E)-8,10,12,14,16-octadecapentaenoic acid (t-COPA) and its (8Z)-isomer (c-COPA) were synthesized and purified as described elsewhere (Souto et al., 1994) . The all(E)-tetraene trans-parinaric acid (t-PnA) was purchased from Molecular Probes (Eugene, OR) and checked by absorption and emission spectroscopy and by high-performance liquid chromatography. The spin probes 5-doxyl-stearic acid (5NS) and 16-doxyl-stearic acid (16NS), from Sigma Chemical Co. (St. Louis, MO), were used without further purification. The synthetic phospholipids D,L-a-dimyristoylphosphatidylcholine (DMPC), D,L-a-dipalmitoylphosphatidylcholine (DPPC), and L-a-(f3-oleoyl--y-palmitoyl)phosphatidylcholine (POPC), as well as human serum albumin (HSA) and gramicidin D, were obtained from Sigma Chemical Co. Gramicidin D (also named in some cases gramicidin A') is a 80:5:15 natural mixture of gramicidin A, B, and C, respectively, with four (A) and three (B and C) tryptophan residues. The paraffin oil PRIMOL 352 (Exxon, viscosity at 20°C = 1.9 poise) was free of fluorescent contaminants in the wavelength range of interest (>340 nm) and was used as received.
Multilamellar vesicles (MLVs) were prepared at 0.25 mg/ml phospholipid concentration by suspending the appropriate amount of the dried lipid in distilled water or in 10 mM Tris/HCl (pH = 7), heating the suspension above the phase transition temperature, and vortexing. Large unilamellar vesicles (LUVs) with a mean diameter of 90 nm were prepared from the multilamellar suspension by extrusion (Hope et al., 1985) through 0.1-,um polycarbonate filters (Nucleopore, Cambridge, MA).
Stock solutions of the fluorescent COPA compounds (10-4 M) or of the spin probes (10-3 M) were prepared in ethanol (spectroscopic grade), using ultrasonic mixing in the case of the COPA probes. The solutions of the fluorescent compounds were saturated with argon and stored in the dark. A few microliters of these solutions were added to several milliliters of vesicle suspensions to obtain a probe/lipid molar ratio of -1:200, which were then stirred above the lipid transition temperature. The spectroscopic measurements were made immediately after preparation.
Gramicidin D was incorporated into MLVs as described previously (Mukherjee and Chattopadhyay, 1994) . Briefly, a peptide/lipid mixture (1:140 molar ratio) was codissolved in methanol with a few drops of chloroform, dried under nitrogen, hydrated with 10 mM sodium phosphate buffer (pH 7.2, 150 mM NaCl), and vortexed to obtain MLVs and, subsequently, LUVs. The samples were incubated overmight at 650C with continuous stirring to induce the channel-forming /3-helical monomeric conformation (Lograsso et al., 1988; Bafi6 et al., 1991) .
Human platelets, isolated from outdated and purified fragments of the platelet plasma membrane, were prepared as described elsewhere (Mateo et al., 1991) .
Thermograms of the calorimetric phase transition of lipid multilamellar vesicles were recorded by differential scanning calorimetry (DSC) in a Microcal MC-2 instrument. All experiments were performed with a scan rate of 1 K-min-'.
Absorption and fluorescence spectroscopy Absorption spectra were registered in a CARY 219 spectrophotometer (Varian). Fluorescence spectra and steady-state anisotropy (r) were recorded with a SLM-8000D fluorimeter fitted with Glan polarizers. Fluorescence quantum yields (4F) were determined by reference to quinine sulfate in 0.05 M H2SO4 (FF = 0.51; Velapoldi, 1972) . The time-resolved measurements were carried out by recording the decay of the observed parallel I11(t) and perpendicular 11(t) components and that of the total intensity 155(t) of the fluorescence elicited by vertically polarized excitation, in a time-correlated single-photon-counting spectrometer (Mateo et al., 1991) . The samples were excited at 337 nm with a thyratron-gated nanosecond flash lamp (Edinburgh Inst., E1199) filled with nitrogen. The emission was isolated with a 408-nm cutoff filter (Schott KV) and detected with a Phillips XP2020Q photomultiplier.
The kinetic parameters of the decay of the fluorescence intensity (lifetimes, Ti, and amplitudes, ai ) and of the anisotropy decay (rotational correlation times, 4, amplitudes, Pij, and residual anisotropy, r"") were determined using nonlinear least-squares regression methods (see Mateo et al., 1991) developed from published descriptions (Knutson et al., 1983; Cross and Fleming, 1984; Lofroth, 1985) . In both cases the fits tabulated here represent the minimum set of adjustable parameters that satisfy the usual statistical criteria, namely a reduced x2 value of < 1.3 and a random distribution of weighted residuals.
Analysis of the fluorescence anisotropy
The decay of the emission anisotropy r(t) of COPA in lipid vesicles was formally approximated by a sum of n exponentials and a constant term (Dale et al., 1977; Heyn, 1989) :
where E'=I3i = 1 and n = 1, 2, or 3.
In most cases (see below) the initial anisotropy r(0) was fixed in the numerical analysis to the value determined in very viscous solution (glycerol at -30°C) from steady-state techniques, ro = 0.385 ± 0.005. The residual anisotropy r,,, in the case of a cylindrically symmetric chromophore in a suspension of lipid vesicles, is related (Naqvi and Acufia, 1992) to the average order parameter of the probe, S, relative to its local director by ro, = (2/5)P2(cos Oa)P2(COS Oe) S S ,
where P2(x) are the Legendre polynomials for the angles Oa and 0e between the absorption and emission transition moments and the unique inertial axis of the probe, and S and S* are the order parameters of the probe in the ground and electronically excited states, respectively (Naqvi, 1980 (Naqvi, , 1981 
A detailed discussion of the physical concepts underlying Eq. 3 has recently been published (Toptygin and Brand, 1995) .
To compare the time-dependent reorientational mobility in lipid bilayers of the new fluorescent chromophores described here with that of other well-characterized membrane probes, we determined the rotational diffusion constant about the axis perpendicular to the molecular axis D, and the "apparent viscosity" 71 of the bilayer with t-COPA. For this purpose we have assumed the simplest model for the Brownian diffusion of a rodlike probe in an angular potential (Kinosita et al., 1977 (Kinosita et al., , 1984 , where the decay of the anisotropy is approximated by an exponential function (Lipari and Szabo, 1980) with an average relaxation time (0) for returning to the initial equilibrium distribution: r(t) = (ro-r<) exp (-t/(4)) + rx. (4) It is worth noting that Brownian dynamics simulations of the restricted motion of a rod in different orienting potentials (L6pez and Garcia de la Torre, 1987) predict anisotropy decays for which this simple model recovers the rotational diffusion constant D1 with unexpected accuracy (average deviation < 15%).
In the present case, the experimental values of (O were obtained from the area under the anisotropy decay curve (Kinosita et al., 1977 (Kinosita et al., , 1984 :
According to the model, (4)) is a function of D. and of a parameter a' related to the potential that restricts the probe reorientation:
Numerical values of c' as a function of r /r,( have been tabulated (Kinosita et al., 1977 (Kinosita et al., , 1984 or can be computed from analytical expressions (Lipari and Szabo, 1980) . In this work we used those for a Gaussian-shaped angular potential, o-G (Engel and Prendergast, 1981; Kinosita et al., 1982) , which seems physically more realistic than the standard hard-cone model. The experimental D value for the lipid probe can therefore be obtained from Eqs. 6 and 7, and in turn, a semiquantitative estimate can be made of the rotational drag acting on the probe within the hydrocarbon core of the bilayer. This is usually expressed in terms of the viscosity (ri) of the paraffin oil, which would give rise to the same numerical value of the probe rotational diffusion coefficient D1 that was found in the bilayer. The limitations of this "equivalent viscosity" are well known and have recently been discussed in detail (Best et al., 1987; Van der Meer, 1991; Valeur, 1993) .
The relationship between D, and the viscosity in an isotropic solvent is conveniently expressed by a modified form (Dote et al., 1981 : Mateo et al., 1993b (8) where V is the hydrodynamic volume, g, is the classical Perrin shape factor that takes into account the asymmetry of the rotating object, andfi is a dimensionless factor that depends on the friction mechanism. For "stick" boundary conditions f = 1, and the value of the rotational coefficient would correspond to D (stick). If the boundary conditions are intermediate between slip and stick, f values will be less than I (Hu and Zwanzig, 1974) , yielding a higher value for the rotational coefficient, D (slip). When the conformation in solution of the rotating molecule is known, V may be taken as the van der Waals volume. However, the specific mechanism of the rotational friction (slip/partial slip/stick) must be determined experimentally. (9) where IQIT is the concentration of quencher in the total volume VT = VL + VA, and V, and VA are, respectively, the volume of the lipid and the aqueous phase (see Castanho and Prieto, 1995) .
For 5NS and 16NS, the partition coefficients for the lipid fluid phase are 89,000 and 9730, respectively, and for the gel phase 12,570 and 3340, respectively (Wardlaw et al., 1987) .
Radiationless electronic energy transfer
For a donor-acceptor pair with a fixed relative distance Rd,,, the efficiency of resonance electronic energy transfer, E, is given by E = R6/(R6 + R6a), (10) where R, is the donor-acceptor distance at which the transfer efficiency is 50%. RO is expressed (Forster, 1959) by
( 1 1) where DD iS the donor quantum yield in the absence of acceptor molecules, n is the refractive index of the medium, NA is the Avogadro constant, K2 is the orientation factor, and J is the overlap integral between the donor emission and the acceptor absorption spectra. J is given by
where A is the wavelength, EA is the molar absorption coefficient of the acceptor at that A, and fD(A) is the fluorescence spectrum of the donor normalized to unit area on the wavelength scale.
RESULTS
Isotropic solvents
Absorption spectroscopy The absorption spectra of t-and c-COPA show characteristic structured shapes between 270 and 360 nm (Fig. 2) . These shapes are similar to those observed for t-PnA and its cis isomer but shifted -30 nm to the red, and both spectra shift to longer wavelengths on increasing solvent polarizability, as in the case of these tetraenes (Sklar et al., 1977a) as well as other polyenes (Hudson et al., 1982) . The peak positions of the absorption bands in several solvents are list-ed in Table 1 together with the molar absorption coefficients. The values of these coefficients in hexane and chloroform appear to be abnormally low, probably because of the incomplete solubilization of the fluorescent derivatives in those solvents. Kinetics of the fluorescence intensity and anisotropy
The decay of the fluorescence emission of the in the solvents detailed in Table 2 is clearly bi consisting of a major kinetic component (90-95%) with a long lifetime and a small contribution of a faster component (original data and fitting shown in Fig. 4 for the ethanol solution of t-COPA). On degassing the ethanol solution of each isomer, both lifetimes increased by roughly a factor of 2, as did the stationary fluorescence yield. The values of the lifetimes listed in Table 2 arise subject to oxygen quenching. Because the two lifetimes are quenched to the same extent (-50%), the oxygen quenching rate constant (-10 1 M s-1) is apparently twice as large for the short as for the long lifetime. Interestingly, the decay parameters show only a weak dependence on temperature, in the 20-40°C range, in contrast with the behavior of the tetraene t-PnA (Sklar et al., 1977a; Mateo et al., 1993a) . The average radiationless rate constant, knr, and radiative lifetime, Tr, can be estimated from the fluorescence quantum yield of the ethanol solution (at 22°C) and the average lifetime, using standard expres-360 380
sions. The plot of ln k, versus 1T for the data of t-COPA in ethanol and paraffin oil solutions (Fig. 4, inset) shows an Arrhenius-type behavior, with an activation energy for the !) and c-COPA overall radiationless processes of 1.0 ± 0.1 kcal-mol-1.
The decay of the emission anisotropy of t-COPA in the viscous paraffin oil was analyzed in the 20-40°C temperature range. The experimental curves (see, e.g., Fig. 5 ) were fitted to a three-exponential function ( The incorporation of t-and c-COPA into the lipid bilayers ins constant is very fast, taking place in a few minutes if the lipid is in scence specthe fluid phase. LUVs of DMPC were used to determine the 'C. In these partition of the probe between the aqueous buffer and the tational mogel and fluid lipid phases. Because the fluorescence emises to a maxsion of the probe in water is almost negligible and becomes isomers and much more intense when it is dissolved in the bilayer, the rered further.
incorporation of the probe into DMPC was quantitated by the fluorescence technique of Sklar (1980 responding partition coefficients between the fluid lipid phase and the aqueous phase, Kp, determined at 30°C, were (0.5 + 0.1)x 106 and (1.8 ± 0.4)X 106.
The partition coefficient of these fluorophors between the gel and fluid phases of the lipid, K GIF can be estimated from the above values by KG/F = Kp/KF . Accordingly, it results that KG'F = 1.4 + 0.4 for t- and c-COPA, indicating that neither isomer has a specific preference for either of the two lipid phases.
Transverse location in the bilayer Considering the fatty-acid-like character of COPAs, the most likely arrangement of these compounds in a lipid bilayer would be roughly parallel to the lipid chains. An experimental check of this expectation was carried out by monitoring the relative quenching of the fluorescence of both isomers by the lipophilic spin probes 5NS and 16NS, in which the nitroxide group is located at 12 A and 3 A, respectively, from the bilayer center (Chattopadhyay and London, 1987) . The Stern-Volmer plots of the fluorescence changes for t-COPA in LUVs of DMPC in the ordered (17°C) and fluid (30°C) phases are shown in Fig. 6 . The ratio of the average quenching constants KsV(l6NS)/KSV (5NS) is -3 for the fluid phase and 5 for the gel, for the two COPA isomers. Although very detailed methods have been developed to analyze this kind of experiment (see, e.g., Chattopadhyay and London, 1987; Castanho and Prieto, 1995; Castanho et al., 1996) , for our purposes here, the direct comparison of the quenching constants provides a qualitative confirmation of the expected location of the COPA chromophore, buried deep within the bilayer and away from the lipid/water interface. The lower ratio of the quenching constants in the fluid phase is probably due to the greater transverse fluctuations of the fluorophore and/or the quenchers. Perturbation of bilayer structure
The effect of t-and c-COPA on the thermotropic behavior of lipids in MLVs of DPPC containing increasing amounts of the fluorescent probe was studied by DSC in the heating mode. The thermograms of DPPC vesicles containing the probe were virtually identical to that of the pure lipid, even for probe concentrations as high as 10 mol% (Fig. 7) . The (0) and paraffin oil (A).
and only in the case of c-COPA was the width of the thermal phase transition broadened slightly at lipid/probe ' 10. This demonstrates that neither probe disrupts the overall structure of the lipid bilayer, a result that might be expected in view of the fatty acid character of these compounds.
Detection of lipid phase transitions
As shown above, the fluorescence intensity of both COPA isomers is only weakly temperature dependent around ambient. Because these compounds do not perturb the lipid bilayer structure, their emission polarizations should accu- FIGURE 5 Time-resolved fluorescence anisotropy of t-COPA in paraffin oil at 22°C (see Table 4 rately reflect the lipid thermal transitions. This is in fact observed when the steady-state anisotropy (r) of the COPA isomers is recorded in LUVs of DMPC and DPPC. As can be seen in Fig. 8 (Table 3 ). These data show that a major fraction of the decay (70-90%) relaxes through the longest lifetime component, which is not very different from that recorded in the paraffin oil ( curves for t-COPA, recorded below and above the phase transition of DMPC, are shown in Fig. 9 , where it can be seen that the anisotropy decays in a few to a few tens of nanoseconds to a residual, time-independent value, which is (ns) FIGURE 9 Time-resolved fluorescence anisotropy of t-COPA in unilamellar vesicles of DMPC in the gel (16°C) and fluid (31°C) phases (see Table 4 for decay parameters Fig. 10 ; the overlap integral J for this system is 4.6 X 1014 cm3 M-1. By taking values for the local refractive index of n = 1.425 (Toptygin and Brand, 1995) , and for the protein intrinsic fluorescence quantum yield of (FD = 0.1 1 (Wang et al., 1988) , the computed R. value would be 30 ± 2 A, for the case in which the orientation factor K2 = 2/3. To measure the actual efficiency of energy transfer, aliquots of t-COPA in ethanol were added to a cuvette containing the suspension of DMPC/gramicidin vesicles, and the attenuation of the emission of tryptophan was recorded upon excitation at 260, 270 (Fig. 11) , and 290 nm. The protein emission was quenched by the presence of t-COPA while, simultaneously, the fluorescence of the fatty acid induced by excitation in the tryptophan band increased, indicating transfer of the electronic excitation. The change in the shape of the emission spectrum of the protein observed at the higher t-COPA concentrations (Fig. 11) indicated that the absorption of the donor emission by acceptor molecules (radiative transport) also contributed to the apparent quenching of the protein fluorescence. By subtracting this contribution, quantified from the absorbance of the acceptor (Parker, 1968) , the quenching of fluorescence exclusively due to the RET was determined to be 53% for the sample containing the highest concentration of t-COPA. The RET process between gramicidin and t-COPA was further substantiated by recording the excitation spectra of t-COPA in the DMPC/gramicidin samples and in peptide-free DMPC bilayers. The subtraction of the two spectra gave a t-COPA 1.0 0. 8   TABLE 5 The order parameter, S, cone-model diffusion coefficient, and the "apparent" viscosity of the bilayer, , calculated from the anisotropy parameters of fluorescence excitation spectrum containing the protein tryptophan band. A similar study was carried out for the lipid in the fluid phase with identical results. The kinetic and equilibrium parameters of the complex formation between lipids and proteins with lipid-binding activity can also be accessed by means of the spectral properties of COPA derivatives. This is exemplified by the binding of t-and c-COPA to HSA, which gives rise to the enhancement of the fluorescence intensity of the probe and to the quenching (60%) of the intrinsic protein emission, due to RET between the albumin's single tryptophan and the polyene.
The spectral overlap integral J, determined for HSA-t-COPA and HSA-c-COPA from Eq. 12, were, respectively, 4.1 X 1014 cm3 M-' and 2.9 X 10i4 cm3 M-1. By taking values for the refractive index of n = 1.45 (Berde et al., 1979) , and for the protein fluorescence yield of (D = 0.3, the corresponding values of Ro are 34 ± 2 A for t-COPA and 32 ± 2 A for c-COPA (K2 = 2/3).
Human platelet plasma membrane
The ability of t-COPA to detect changes in the physical properties of real biological membranes was investigated by recording the behavior of this compound in human platelets and in fragments of the cell plasma membrane. The temperature dependence of the steady-state fluorescence anisotropy (r) of t-COPA embedded in fragments of this membrane is shown in Fig. 12 and compared with that recorded for t-PnA in the same membrane (Mateo et al., 1991) . The slope of the thermal change is the same for the two probes, although the absolute values of (r) are slightly higher for t-PnA. Because both probes should be located approximately at the same depth within the membrane, the difference in the anisotropy is probably due to the different fluorescence lifetime values, which are longer in t-COPA.
The (r) values recorded in whole cells remained constant for several hours, indicating that t-COPA is not being internalized into other cell organelles.
DISCUSSION Spectroscopy and dynamics of COPA in isotropic solvents
The major spectral properties of both COPA isomers are consistent with those observed in other linear polyenes (Hudson and Kohler, 1974; Hudson et al., 1982) and in the tetraene parinaric acids, the other polyenes used as membrane probes, although these pentaene and tetraene probes differ in several aspects, as emphasized below. The most relevant properties of the two COPA isomers related to their application as fluorescent probes are quite similar, and therefore the discussion will be focused on those of the most thoroughly studied isomer, the trans derivative t-COPA. Its strong, structured absorption band is red-shifted relative to that of parinaric acids because of the presence of an additional conjugated double bond, favoring those applications of COPA requiring its excitation in the presence of proteins.
This band corresponds to the -Ag lBu transition (Hud- son and Kohler, 1974) , that is, to the second excited singlet state, whereas the fluorescence originates from the forbidden transition 2'A9 > lAg (Hudson et al., 1982) . decapentaene in gas phase (Bouwman et al., 1990) , was not observed. Because the strength of the emissive process is borrowed from the nearby allowed transition, the direction of the absorption and fluorescence transition moments should be the same (Hudson et al., 1982) , as is indeed observed in the fluorescence polarization of both COPA isomers, which are characterized by a high ro value (0.385 ± 0.005).
In solvents of increasing refractive index, the absorption spectrum of t-COPA (but not that of fluorescence) shifts to lower energies. This solvent effect is usually explained in terms of polarizability interactions and is consistent with the involvement of two different electronic states in absorption and emission. The contraction of the volume surrounding the pentaene would give rise to a higher polarizability, thus shifting t-COPA absorption to the red. This property can be exploited in biological applications of this compound, as illustrated by the red shift observed in the fluid/gel phase transition of DMPC bilayers (Table 1) .
The experimental radiative lifetime (Table 2) is at least two orders of magnitude larger than the value that can be obtained from the integrated absorption, as in parinaric acid, pointing again to the presence of the low-lying emitting state 2'Ag. The kinetics of the fluorescence of t-COPA was biexponential in all the solvents studied here, with a dominant lifetime that, in ethanol at 20°C, is 11.4 ns (10 times larger than that of the tetraene analog) with a 90% fractional contribution to the decay. The minor component, 4.1 ns in this case, persisted even after extensive purification of the pentaenoic acid, and its origin is unknown. A similar biexponential kinetics is also recorded for solutions of the tetraene parinaric acid in similar solvents (see, e.g., Mateo et al., 1993a) , and it has been suggested (Hudson et al., 1986) that this is due to the photogeneration of different conformers. If this were also the case for the COPA derivatives, the much slower decay constants of the pentaenoic acid afford a simpler experimental system to investigate that possibility.
A striking difference between the photophysics of COPA dyes and that of other polyenes-including parinaric acid-is the very weak temperature dependence of the radiationless rate processes of the pentaene in the 10-40°C range. The activation energy of the average knr of t-COPA is 1.0 kcal mol-Fl, compared with 5.3 kcal mol-1 for transparinaric acid, facilitating considerably the use of the fluorescent emission of the pentaenes to monitor temperaturedependent membrane changes. A further, also unexplained, difference between the two types of polyenes is the large effect on the radiationless rate of changes in lipid packing density that characterizes the emission decay of the tetraenes (Sklar et al., 1977b; Hudson et al., 1986; Mateo et al., 1993a) but is not observed in the COPA isomers. These effects of temperature and lipid ordering on the photophysics of linear polyenes can only be unequivocally understood when the dominant radiationless channels are identified, The rotational dynamics of COPA isomers in paraffin oil, as detected by the decay of the emission anisotropy, contains features that can be interpreted by the superposition of rigid and flexible-body molecular motions. Thus the changes in the preexponential terms of the fast and intermediate correlation times when the viscosity decreases (Table 4) are most likely a consequence of fast conformational fluctuations of the saturated chain, such as trans/gauche changes. On the other hand, the slowest correlation time O3 changes with r/T in the way expected for rigid-body hydrodynamics, and its contribution to the total depolarizing kinetics is independent of q and T. Hence the diffusive motions of the probe may be modeled by those of a prolate ellipsoid of revolution in which the fast, subnanosecond conformational changes noted above do not substantially affect the overall tumbling of the molecule about axes perpendicular to the long inertial axis. In that case O3 iS identified with (6DL)-l (Rigler and Ehrenberg, 1973) and D1 = 0.012 ns-1 (t-COPA, paraffin oil, 7 = 1.7 poise, 22°C). Moreover, if the diffusive boundary conditions are closer to "slip" than to "stick" (Hu and Zwanzig, 1974) , as in other lipophilic bilayer probes (Best et al., 1987; Mateo et al., 1993b) , the dimensions of the equivalent ellipsoid, obtained by replacing the experimental D1 value in Eq. 8, would be 18 X 6 A, consistent with the t-COPA van der Waals volume. In a lipid bilayer, t-COPA molecules are anchored to the polar surface, and several of the conformations that are allowed in an isotropic solvent would be suppressed. Nevertheless, the overall tumbling rate may not be very different from that in the paraffin oil.
Probing physical parameters of lipid membranes with COPAs We show here that the two COPA isomers align parallel to the bilayer lipids without perturbing the supramolecular structure. Furthermore, they distribute equally between solid and fluid domains, in contrast with the apparent preferential affinity of the related probe trans-parinaric acid for the most ordered phases. Giving the chemical structure of t-COPA and its photophysical characteristics, it is expected that the probe should report with fidelity the orientational order and dynamics of the surrounding lipid molecules. In fact, it is shown here that the probe steady-state fluorescence polarization accurately monitors the gel-fluid thermal lipid phase transition.
A measurement of the membrane equilibrium orientational order that depends on the effective orientational restoring potential can be obtained from the average second rank orientation parameter (P2), denoted usually as S. This may be determined by NMR, electron paramagnetic resonance, and fluorescence depolarization techniques to different degrees of approximation. Dynamic properties, on the other hand, depend on the diffusion coefficients of lipids as well as on the restoring potential.
The order parameter of the lipid chains, SL, is, accordwhich, unfortunately, is not yet the case.
to the overall orientation of the chains, SLrigid, that is constant along the chain, and that corresponding to local conformational transitions, SLConf, which decrease toward the chain ends. Although SL can be determined from deuterium NMR (Seelig and Seelig, 1980) , extrinsic fluorescence probes may detect different values, depending on their structure, photophysics and transverse location in the bilayer. Using t-COPA, a probe that mimics the size, shape, and interactions of membrane lipids, a time-resolved anisotropy experiment allows a direct measurement of S(COPA) from the residual anisotropy via Eq. 3.
To determine which kind of information this reports, we have summarized in Fig. 13 the order parameters of bilayers of POPC obtained from 2H NMR (Lafleur et al., 1990) , the spin-labeled lipids 1-palmitoyl-2-(16-doxylstearoyl)phosphatidylcholine (16PC) (Shin and Freed, 1989) and the 3-doxyl derivative of cholestan-3-one (CSL) (Van Ginkel et. al., 1986; Shin and Freed, 1989) , and two fluorescence depolarization probes, 1,6-diphenyl-1,3,5-hexatriene (DPH) (Kinosita et al., 1984) and 1 -[4-(trimethylamino)phenyl] -6-phenylhexa-1,3,5-triene (TMA-DPH) (Muller et al., 1994) . It is shown that the parameter S(COPA) reproduces closely that observed with NMR techniques at the ninth carbon of the chain (Lafleur et al., 1990) , as well as its temperature dependence. Because this carbon position is within the plateau region used in NMR experiments for determining the lipid order parameter (Seelig and Seelig, 1980) pected, whereas the other spin probe with a nitroxide group in a distal position (16PC) shows a very low-order parameter.
The interpretation of the multiple correlation times of t-COPA in the lipid bilayers, spanning from hundreds of picoseconds to tens of nanoseconds, requires a model describing the restricted angular motion of the probe within the bilayer. Different models have been proposed to explain the decay of the anisotropy (Kinosita et al., 1977 (Kinosita et al., , 1982 Zannoni et al., 1983; Ameloot et al., 1984; Szabo, 1984) , based on specific orienting potentials, which have attained only limited success. Recently, a new compound motion interpretation has been advanced ( Van der Sijs et al., 1993; Muller et al., 1994) , in which the reorientation of the probe results from the product of two separated motions, in the same vein as has been discussed above for lipid chain order parameters (Best et al., 1987) . This approach is very appealing, but for the present purposes we have limited ourselves to the conceptual simplicity of the straightforward wobble-in-cone approximation (Kinosita et al., 1977 (Kinosita et al., , 1982 from which we obtained an average diffusion coefficient, DI, for t-COPA by computation of the area under the decay curves. By referring the D1 values to those of t-COPA measured in paraffin oil, estimates of the apparent viscosity of the lipid bilayers were determined. The values for DMPC bilayers, together with those estimated in the same way from the fluorescence depolarization of DPH and from the excimer formation of pyrene probes, are compared in Table  6 . The three approaches yield similar viscosity values. On the other hand, when membrane proteins, such as bacteriorhodopsin or gramicidin, are used to monitor bilayer friction, very different values are determined, as is well known (Table 6 ). It is evident that this discrepancy arises from inherent differences between the interactions of the bilayer lipids with lipid-like probes (slip boundary conditions) and those with embedded proteins and peptides. Zachariasse et al. (1980) Intermolecular excimer (pyrene) 30 0.59 Vanderkooi and Callis (1974) 2H-NMR (deuterated gramicidin) 35 1.7 Macdonald and Seelig (1988) Time-resolved dichroism (bacteriorhodopsin) 25-37 3.7 ± 1.3 Cherry and Godfrey (1981) here were computed on the assumption of dynamic random averaging of the RET orientation factor (i.e., K2 = 2/3). The validity of this assumption was assessed, in the case of gramicidin, by measuring the emission anisotropy (r) of the peptide donor. The experimental value was quite low (0.07), consistent with a high rotational freedom of the emitting tryptophan residues and, hence, a small deviation of the above Ro value from the correct one.
CONCLUSIONS
The conjugated linear octadecapentaenoic acids studied here, t-and c-COPA, have large molar absorption coefficients in a convenient spectral range for their application to probe natural membranes and cells, with which protein tryptophan emission shows extensive overlap. In nonpolar solvents, these molecules emit fluorescence, strongly polarized if the solvents are viscous, with reasonable yields, a large Stokes shift, and long lifetimes. The kinetics of the fluorescence emission does not depend on the temperature in the 10-40°C range. In addition, both isomers incorporate into lipid membranes in a well-defined transverse location with negligible perturbation of the bilayer structure and distribute equally between fluid and solid domains of bilayers of DMPC and DPPC. The fraction that remains in the water solution is negligible and nonfluorescent. From the variety of experiments reported here, it is shown that the use of COPA isomers presents clear advantages in the monitoring of the order and fluidity of synthetic and natural membranes, and in determining proximity relationships between tryptophan-containing soluble and membrane proteins and lipids. It appears that these fluorescent fatty acids could be of great utility in the examination of lipid bilayer structure and dynamics and of lipid interactions.
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